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Introduction {#sec001}
============

Radiotherapy is a promising treatment strategy for early-stage or advanced-stage lung cancer patients. Despite being treated with RT, some patients with higher operative and surgical risks often experience recurrence and metastatic diseases \[[@pone.0175977.ref001], [@pone.0175977.ref002]\]. One main factor for these unsatisfactory therapeutic outcomes following RT is because of radioresistant profiles in a subpopulation of cell clones within the neoplasm. Therefore, radioresistance is currently considered to be a major challenge for the therapeutic efficacy in lung cancer \[[@pone.0175977.ref003], [@pone.0175977.ref004]\]. Strategies for improving the response ratio of RT are warranted to minimize the radioresistance influence on cancer cells.

The protein kinase B (PKB/Akt) signaling pathway is frequently hyperactivated during tumorigenesis and has been proven to be a candidate target for cancer therapy \[[@pone.0175977.ref005]\]. As an important intracellular signaling molecule, Akt is crucial for cell survival and growth, particularly during cancer progression and radioresistance \[[@pone.0175977.ref006]\]. Thus, attenuating Akt activation by several pharmacologic assays could demonstrate excellent anticancer effects. Li et al. demonstrated that inhibition of Akt by inhibitor MK-2206 and platycodin D could potentiate proliferative inhibition and apoptotic induction in lung cancer cells \[[@pone.0175977.ref007]\]. Zhang et al. found that fisetin, a dietary phytochemical, overcomes therapy resistance of lung cancer cells through inhibition of Akt pathways \[[@pone.0175977.ref008]\]. Specific inhibition of Akt with triciribine significantly facilitates the damaging effects of radiation in H460 lung cancer cells \[[@pone.0175977.ref009]\]. In addition, recent studies have suggested that Akt inhibition results in a concomitant decrease in the abundance of key DNA repair genes, which are responsible for DNA-damage repair upon radiation stress. Blocking Akt signaling by small interfering RNA (siRNA) provokes DNA damage and induces the cell-cycle arrest in acute lymphoblastic leukemia \[[@pone.0175977.ref010]\]. Similarly, bevacizumab could cause DNA double-strand breaks (DSBs) by suppressing Akt activation, further sensitizing the lung cancer cells to RT \[[@pone.0175977.ref011]\].

Diosmetin \[[@pone.0175977.ref012]\], a flavone found in legumes and in olive leaves, shows attractive cytotoxic activity on human cancer cells. The result from Androutsopoulos et al. suggested that DIO induces anticancer activity in MCF7 breast cancer cells by causing cytochrome P450 bioactivation \[[@pone.0175977.ref013]\]. Meanwhile, Zhan et al. found that DIO could induce G1/S arrest and cell apoptosis in human lung cancer A549 cells \[[@pone.0175977.ref014]\]. However, no reports have been published to test agent DIO as a radiosensitizer to improve radiosensitivity so far. The underlying mechanisms of DIO in combination with RT in the treatment of lung cancer cells remain to be fully elucidated.

Here, we investigated (1) whether cell cycle distribution, cell cycle checkpoint proteins, and cell survival are affected by DIO administration and (2) whether the Akt signaling pathway and DNA-damage response are associated with the radiosensitivity of lung cancer cells after treatment with a combination of DIO and RT.

Materials and methods {#sec002}
=====================

Cell lines and reagents {#sec003}
-----------------------

The lung cancer radioresistant cell line, A549/IR, in our study was a gift from the Winship Cancer Institute of Emory University \[[@pone.0175977.ref015]\]. In brief, the A549/IR cell line was established by exposing A549 cells in exponential growth phase to a repeated IR dose of 4 Gy each. An interval of 3 to 8 weeks between each IR dose allowed the surviving cells to regenerate. The whole process of IR and culture lasted for approximately 1 year, with a total IR dose of 80 Gy. We refer to the surviving cell line as A549/IR. Human lung cancer cell lines A549 \[ATCC^®^ CCL-185™\] and A549/IR were cultured in DMEM/F12 medium (Gibco, USA) supplemented with 10% fetal bovine serum (HyClone, USA), 1% penicillin and streptomycin. All cell lines were grown in a humidified incubator at 37°C with 5% CO~2~.

DIO (S2380), LY294002 (S1105) and MK-2206 (S1078) were purchased from the Selleck Chemicals (USA). All agents were dissolved in dimethylsulfoxide. The final concentrations of DIO, LY294002 and MK2206 used for the stimulation of cells were 10 μM, 20 μM and 10 μM, respectively. Additionly, the radiation processing time we used in this manuscript is 1h, which is in accordance with the previous findings \[[@pone.0175977.ref016]\].

Western blot {#sec004}
------------

The antibodies for western blot were as follows: anti-β-actin (8432, Santa Cruz, 1:2000), anti-CyclinD1 (753, Santa Cruz, 1:1000), anti-ATM (23921, Santa Cruz, 1:1000), anti-phospho-ATM (47739, Santa Cruz, 1:100), anti-p53 (126, Santa Cruz, 1:1000), anti-phospho-p53 (Ser15, 101762, Santa Cruz, 1:1000), anti-CDK4 (12790, Cell Signaling Technology, 1:1000), anti-CDK6 (13331, Cell Signaling Technology, 1:1000), anti-CDC2 (9116, Cell Signaling Technology, 1:1000), anti-Akt (9272, Cell Signaling Technology, 1:1000), anti-phospho-Akt (ser473, 4060, Cell Signaling Technology), anti-phospho-DNA-PK (Thr2609, 18356, Abcam), anti-DNA-PK(32566, Abcam) and anti-γ-H2AX (05--636, Millipore, 1:1000). Protein expression levels were determined with western blot as previously described \[[@pone.0175977.ref017]\].

MTS assay {#sec005}
---------

Approximately 1×10^3^ cells were seeded into 96-well plates and then incubated for 0, 24, 48, or 72 h. MTS reagent was added to each well, and cell viability was evaluated in A549 and A549/IR cell lines using a spectrometer according to the instructions provided (Promega, USA).

Clonogenic survival assay {#sec006}
-------------------------

Approximately 2×10^3^ cells were seeded into a 6-well plate and incubated for 24 h. The cells were then treated with a range of IR doses (0, 2, 4, 8 Gy) using a gamma irradiator. After approximately 15 days, cells were washed with PBS, fixed in methanol and stained with crystal violet. Survival curves were generated using Microsoft Excel (Microsoft Office system, USA)

Flow cytometric analysis {#sec007}
------------------------

A flow cytometry was performed to compare the difference in cell cycle distribution between A549 and A549/IR cells using a published method \[[@pone.0175977.ref018]\]. Briefly, cancer cells (approximately 1×10^6^) were seeded onto 6-well plates and cultured with the indicated DIO concentrations (0.5 mM) for 24 h or exposed to 6 Gy IR for 1 h. Treated and untreated cells were collected, washed with ice-cold PBS and fixed in 70% ethanol, and then stored at 4°C overnight. The fixed cells were washed with PBS again and stained with 0.1% RNase A and 50 μg/ml propidium iodide in the dark at 25°C for 30 min and assayed on FACSort (Becton-Dickinson), and the cell cycle parameters were determined using the CellQuest software program (Becton-Dickinson). A minimum of 1×10^4^ cells were counted for each sample.

Confocal microscope analysis {#sec008}
----------------------------

A549 and A549/IR cell lines were seeded on Millicell EZ slides (Millipore) and subjected to the following treatments: untreated, 6 Gy for 1 h or DIO for 24 h. After that, the cells were used for confocal microscope assays following the published method \[[@pone.0175977.ref018]\].

Statistical analysis {#sec009}
--------------------

All data were repeated at least three times with similar results and are expressed as the mean ± SD form. Comparisons between two groups were performed using Student's t test with SPSS 12.0. P values \<0.05 or \<0.001 were considered statistically significant.

Results {#sec010}
=======

Anti-proliferation effect of DIO on the radioresistant lung cancer cells A549/IR {#sec011}
--------------------------------------------------------------------------------

The A549/IR lung cancer radioresistant cell lines were established. To identify the radioresistant phenotypes, cells were irradiated with different doses of IR (0, 2, 4, 8 Gy). After approximately 12 days, we examined the cellular survival fractions using the clonogenic survival assay. Compared with the corresponding A549 cells, the SFs and colony formation of A549/IR were much higher after IR treatment ([Fig 1A and 1B](#pone.0175977.g001){ref-type="fig"}). These findings confirmed the radioresistant phenotype of A549/IR cell lines.

![DIO suppresses the cell survival of radioresistant A549/IR cells.\
(A-B) One lung cancer radioresistant cell line, A549/IR, was established. The data represent the results of colony formation assays and survival fractions for A549 and A549/IR cell lines. (C) A549 and A549/IR cell lines were treated with different doses of DIO for 24, 48, and 72 h. Cell viability was evaluated using the MTS assay. (D-E) Colony formation assays show the effect of 10 μM DIO on A549/IR cells. The quantitative results shown of three independent experiments are the mean ± SD. \*P\<0.05. \*\*P\<0.01.](pone.0175977.g001){#pone.0175977.g001}

To verify the effect of DIO on cell proliferation, we treated A549/IR and A549 cells with different doses of the compound DIO. DIO could effectively inhibit cell proliferation and clone formation in both A549 and A549/IR cell lines in a dose-dependent manner (P \< 0.01). However, the inhibition ratio of DIO on A549/IR cells is more remarkable ([Fig 1C--1E](#pone.0175977.g001){ref-type="fig"}). Furthermore, we choose 10 μM as the best working concentration of DIO in the next experiments, which is in accordance with Zeng's findings \[[@pone.0175977.ref019]\]. Since cell proliferation can be regulated by cell cycle progression \[[@pone.0175977.ref020]\], we next examined the effect of DIO on cell cycle distribution. DIO was administered to radioresistant A549/IR cells after overnight serum starvation, and cell cycle distribution was assessed by flow cytometry. DIO significantly increased the percentage of cells in G1 phase (60.20 ± 4.13) compared to untreated cells (47.20 ± 1.19). When DIO treatment was combined with 6 Gy, the percentage of cells in G1 phase could be increased to 65.88 ± 3.31. This increase was coupled with a significant decrease in the percentage of cells in G2/M phase ([Fig 2A](#pone.0175977.g002){ref-type="fig"}). It is well established that cyclin-dependent kinases (Cdks) and cyclin complexes are perceived as the engine that drives cell cycle progression \[[@pone.0175977.ref021]\]. To further clarify the G1 phase arrest phenotype due to DIO, we investigated the cell cycle-associated checkpoint. It was found that in A549/IR cells, DIO markedly decreased the expression of CDK4/6 and cyclin D1, the regulators required for G1/S transition \[[@pone.0175977.ref022]\], but had no obvious effect on the expression of CDC2, a critical regulator during G2 phase progression \[[@pone.0175977.ref023]\]. Moreover, the combination of DIO and radiation could further down regulate the G1 phase regulators, while radiation alone could not affect the cell cycle regulators in A549/IR, which further indicates the phenotype of radio-resistance in A549/IR cells ([Fig 2B](#pone.0175977.g002){ref-type="fig"}). In addition, we examined the effect of DIO on cell proliferation and cell cycle in the parent A549 cell lines. Expectedly, DIO and 6Gy IR could both significantly inhibit the cell proliferation rate and cell cycle-associated checkpoint makers CDK4/6 and cyclin D1, however the combination of DIO and IR have no obviously further cell-killing effects in A549 cell lines ([S1A and S1B Fig](#pone.0175977.s001){ref-type="supplementary-material"}). Taken together, these data suggest that DIO has a preferential anti-tumor effect on the radioresistant lung cancer cells.

![Effects of DIO on the cell cycle distribution in A549/IR cells.\
(A) A549/IR cells were treated with 10 μM DIO for 24 h, 6 Gy RT for 1 h, or a combination of DIO and RT, and then cell cycle distributions were analyzed with flow cytometry. The quantitative data of cell cycle distribution are shown. (B) Cell cycle-related proteins (CDK4/6, CyclinD1 and CDC2) were determined using western blot analysis. β-actin was used for the loading control.](pone.0175977.g002){#pone.0175977.g002}

Next, cell viability and clonogenic survival assays were performed to provide further evidence for the role of DIO in the regulation of cell growth under irradiation. A549/IR cells were treated with DIO and subjected to X-ray irradiation. As shown in [Fig 3A](#pone.0175977.g003){ref-type="fig"}, when A549/IR cells were exposed to DIO, a significant decrease in cell proliferation was observed compared to that observed for untreated control cells. Moreover, a strong inhibition of growth occurred upon combination treatment of DIO and IR (P\<0.01) ([Fig 3B](#pone.0175977.g003){ref-type="fig"}). The typical images for colony formation from different treatments are shown in [Fig 3C](#pone.0175977.g003){ref-type="fig"}. These results collectively show that DIO administration could result in significantly increased radiosensitivity in radioresistant lung cancer cells.

![DIO enhances the radiosensitivity of A549/IR cells.\
(A) A549/IR cell lines were treated with indicated conditions for 24, 48, and 72 h. Cell viability was evaluated using the MTS assay. (B-C) A549/IR cells were treated by 10 μM DIO with or without 6 Gy IR. After 24 h, typical images of cell colony growth for the different treatments are shown. Values are the means ± SD of 3 replicates, \*P \< 0.05, \*\*P \< 0.01 compared with the control.](pone.0175977.g003){#pone.0175977.g003}

DIO impaired IR-induced DNA damage repair in A549/IR cells {#sec012}
----------------------------------------------------------

Previous reports show that IR-induced cell killing mainly depends on the radiation-induced DNA damage responses, and the ability of tumor cells to elicit a DNA damage response following radiation promotes the radioresistance and cell survival \[[@pone.0175977.ref024]\]. To determine the effects of DIO on modulating the activities of both the homologous recombination and non-homologous end joining (NHEJ) repair systems, two key DNA repair pathways \[[@pone.0175977.ref025]\], we first assessed the DNA damage signaling by western blot. As shown in [Fig 4A](#pone.0175977.g004){ref-type="fig"} and [S2 Fig](#pone.0175977.s002){ref-type="supplementary-material"}, after treatment with DIO alone, the γH2AX levels (DNA double-stand break maker) were significantly increased, while ataxia-telangiectasia mutated (ATM) phosphorylation, DNA-dependent protein kinase (DNA-PK) phosphorylation, p53 phosphorylation and RAD51 level (DNA-damage repair makers) were all reduced in A549/IR cells compared with untreated control cells. This finding from DNA-damage signal proteins indicated that DIO inhibited the DNA damage repair in A549/IR cells. To further confirm this result, γH2AX foci in A549/IR cells were well investigated next. As many proteins regulating the DNA damage response are known to form foci at the damaged DNA \[[@pone.0175977.ref026]\], we next performed immunofluorescence staining with antibodies against γH2AX. Foci formation of γH2AX was increased in the cells pretreated with DIO ([Fig 4B](#pone.0175977.g004){ref-type="fig"}). And the quantitative results and p-values are shown in [Fig 4C](#pone.0175977.g004){ref-type="fig"}. It is worth noting that the changes of DNA damage signaling, including the γH2AX foci, in A549/IR cells with a combination of DIO and IR were the most obvious. In addition, IR alone only induced slightly alterations of DNA-damage signaling, supporting the radioresistance phenotype of A549/IR cells. These results collectively indicated that the DIO-mediated DNA damage response is not only because of the direct induction but also because of the radiosensitization effect of DIO.

![Effects of DIO on the DNA damage in A549/IR cells.\
(A) Reduced phosphorylation of ATM and p53, and increased γH2AX expression level upon DIO treatment with or without RT. Cell lysates were processed for the indicated proteins by immunoblotting. β-actin expression shows the equal loading. (B) γH2AX foci status was investigated by using a confocal analysis for different treatment. Representative images are shown. (C) Quantitative data of γH2AX foci are summarized. Bars represent the means ± SD of triplicate samples. \*P \< 0.05, \*\*P \< 0.01.](pone.0175977.g004){#pone.0175977.g004}

Akt signaling is involved in DIO-mediated DNA-damage response in A549/IR cells {#sec013}
------------------------------------------------------------------------------

As recent studies have revealed that the Akt signaling pathway promotes radioresistance in human cancer cells through inducing the DNA damage repair pathways \[[@pone.0175977.ref027]\], we next examined the effects of DIO on Akt activation. The results show that in A549/IR cells, compared with the untreated group, decreased levels of Ser473 phosphorylated Akt can be seen upon DIO treatment, whereas no significant change was seen in the expression of total Akt. The combination of DIO and IR could further down-regulate the Akt Ser473 level ([Fig 5A](#pone.0175977.g005){ref-type="fig"}). To further investigate the role of Akt signaling in the DNA damage response, we inhibited Akt activity with two inhibitors in the A549/IR cells, LY294002 \[[@pone.0175977.ref028]\] and MK-2206 \[[@pone.0175977.ref029]\]. As expected, Akt inhibitors yielded similar results to DIO on the DNA damage response. Pharmacologic inhibition of Akt activation by LY294002 or MK-2206 resulted in a decrease of p-ATM and p-p53 level, and an increase of γH2AX level. In the meantime, after treatment with the combination of Akt inhibitors with IR, the changes of DNA damage modulators were the most significant ([Fig 5B and 5C](#pone.0175977.g005){ref-type="fig"}). Taken together, these data suggest that DIO inhibits DNA damage repair ability of radioresistant lung cells through interference with the Akt signaling pathway.

![Radiosensitizing effect of DIO on A549/IR cells is dependent on Akt activation.\
A549/IR cells were treated by 10 μM DIO, 20 μM LY294002 and 10 μM MK-2206 for 24 h and irradiated at 6 Gy for 1 h. Then, the protein expression levels were analyzed by western blot with the indicated antibodies. β-actin used as an internal normalization control.](pone.0175977.g005){#pone.0175977.g005}

To further identify if repressing Akt signaling could sensitize the cancer cells to radiotherapy, we examined the effect of Akt inhibitors LY294002 and MK-2206 on cell proliferation in A549/IR cells. Consistent with earlier reports after IR treatment, DIO and Akt inhibitors could both inhibit ATM and p53 phosphorylation expression and up-regulate γH2AX expression level. In addition, the most prominent changes in DNA damage response modulators could be clearly noted upon combination treatment of DIO and Akt inhibitors ([Fig 6A and 6B](#pone.0175977.g006){ref-type="fig"}). Additionally, to evaluate the role of Akt activity inhibition in the radiosensitivity of A549/IR cell lines, cell proliferation rates were measured by MTS cell proliferation colorimetric assay. The results showed that DIO and Akt inhibitors (LY294002 and MK-2206) could significantly enhance the anti-tumor effect of radiation. Meanwhile, a combination of DIO and LY294002 or MK-2206 could further enhance the radiosensitivity of A549/IR cells ([Fig 6C and 6D](#pone.0175977.g006){ref-type="fig"}). These findings demonstrated that the combination of Akt inhibitors with radiotherapy is a promising modality for the treatment of lung cancer cells to overcome radioresistance.

![Inhibition of the Akt signaling pathway sensitizes lung cancer cells to radiation.\
(A-B) A549/IR cells were treated with a dual or single agent for 24 h and then treated with 6 Gy RT or directly treated with 6 Gy RT alone. Then, cell lysates were processed for the indicated proteins by western blot assay. (C-D) MTS assays showing the response of DIO and Akt inhibitors on the A549/IR cells to the radiation treatment. β-actin used as an internal normalization control. Similar results were obtained in *n* = 3 experiments.](pone.0175977.g006){#pone.0175977.g006}

Discussion and conclusion {#sec014}
=========================

In the current study, using the radioresistant A549/IR model and cancer cell biology techniques, we present novel insight into the mechanisms of compound DIO as a promising radiation sensitizer in lung cancers. In the first step, we demonstrate the association of DIO administration with cell cycle distribution and the DNA repair pathway in A549/IR cells. Then, studies on molecular mechanism revealed that DIO could enhance the radiosensitivity of lung cancer cells via inhibiting the Akt signaling pathway.

It is known that cell cycle changes impact the curative effect of radiotherapy in human cancer cells. According to the report by Marampon et al., down-regulation of Cyclin D1, a G1/S checkpoint regulator, impairs DSB repair and thus promotes the radiosensitivity of prostate cancer cells \[[@pone.0175977.ref012]\]. The antidiabetic drug metformin potently triggers G1 cell cycle phase arrest, and further enhances radiosensitivity in pancreatic cancer cells \[[@pone.0175977.ref030]\]. Moreover, Kriegs et al. found that epidermal growth factor receptor (EGFR) inhibition could induce cellular radiosensitization by enhancing the radiation-induced permanent G1 arrest in lung cancer cells A549 \[[@pone.0175977.ref031]\]. Additionly, the combination of DIO and IR slightly enhance the cell-killing effects in parent A549 cells, whereas DIO significantly promotes the sensibilization of radiotherapy in A549/IR cell lines. Thus, in line with the previous reports, our current data in cell cycle analysis show that DIO could effectively induce the G1 phase arrest, and finally sensitize A549/IR cells to radiation.

DNA damage has been proven to be the principal cytotoxic lesion of chemotherapy or ionizing radiation \[[@pone.0175977.ref032]\]. Even though a basal level of γH2AX could be seen in the pair cells, the percentage of γH2AX-positive cells was very low in non-irradiated cancer cells. We found that the key proteins, including reduced ATM, p53, RAD51 and DNA-PKcs, and increased γH2AX in A549/IR cells treated with DIO and RT, which implies that the DNA repair pathway plays an important role in the regulation of DIO-mediated radiotherapy sensitization in lung cancer cells. Meanwhile, 6Gy IR alone have no obvious effect on the DNA-damage associated factors in A549/IR cell lines, which further indicates the radioresistant phenotype.

Another interesting finding is that the increase in radiosensitivity in A549/IR cells may have been due to the inhibition ability of DIO on Akt activation. As previously mentioned, a critical event that determines the cancer radioresistance is the aberrantly activated Akt signaling \[[@pone.0175977.ref033]\]. Suppression of Akt signaling could enhance the efficacy of radiation therapy in human cancer cells \[[@pone.0175977.ref034]\]. From the western blot and cell proliferation rate assays, we found that DIO with or without RT could inhibit the Akt Ser473 phosphorylation level. In the meanwhile, down-regulation of the Akt signaling pathway by DIO or inhibitors (LY294002 and MK-2206) results in enhanced radiosensitivity in A549/IR cell lines. As used Akt inhibitors (LY294002 and MK-2206) as the positive control, we conclude that DIO could serve as a potential inhibitor for Akt signaling pathway. Through relieving the Akt activity, DIO could effectively down-regulate the downstream signal of Akt in the radioresistant A549/IR cell lines. Compared with the parent cells A549, the cytotoxicity of ALO on A549/IR are more remarkable and selective, further indicating the radio-resistance phenotype of A549/IR cells. Meanwhile, the basal Akt activation level, marked by the Akt ser473, is much higher in A549/IR cells. And DIO could preferentially inhibit the higher Akt activation level, similar to the Akt inhibitor LY294002 and MK-2206. Because of lower basal Akt activation, the parent cells A549 shows relative resistance to DIO, serving as an Akt inhibitor. Taken together, DIO is only used to treat the A549/IR cells with high Akt activation.

In addition, growing evidence indicates that, apart from the cell cycle changes and DNA damage response, other elements are also proved to be associated with the radioresistance of lung cancer cells, including increased epithelial-mesenchymal transition (EMT) phenotypes and elevated growth factors \[[@pone.0175977.ref035], [@pone.0175977.ref036]\]. Therefore, a better understanding of the potential molecular mechanism underlying the radiosensitizing effect of DIO is of great importance for lung cancer research in the further.

In conclusion, we demonstrated that agent DIO enhancement of the radiosensitivity of lung cancer cells is dependent on the Akt signaling pathway. Our studies suggest that DIO could effectively improve the therapeutic effects of RT.

Supporting information {#sec015}
======================

###### Effects of DIO on the cell radiosensitivity in parental A549 cells.

\(A\) A549 cell lines were treated with indicated conditions for 24, 48, and 72 h. Cell viability was evaluated using the MTS assay. (B) Cell cycle-related proteins (CDK4/6, CyclinD1 and CDC2) in A549 cells were determined using western blot analysis. β-actin was used for the loading control.

(TIF)

###### 

Click here for additional data file.

###### DIO on the DNA damage makers in A549/IR cells.

A549/IR cell lines were treated with indicated conditions. Cell lysates were processed for the indicated proteins by immunoblotting. β-actin expression shows the equal loading.

(TIF)

###### 

Click here for additional data file.
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